Through the contributions of Galileo, Newton, and Einstein, we recall the universality of free fall (UFF), the weak equivalence principle (WEP), and the strong equivalence principle (SEP), in order to stress that general relativity requires all test masses to be equally accelerated in a gravitational field; that is, it requires UFF and WEP to hold. The possibility of testing this crucial fact with null, highly sensitive experiments makes these the most powerful tests of the theory. Following Schiff, we derive the gravitational redshift from the WEP and special relativity and show that, as long as clocks are affected by a gravitating body like normal matter, measurement of the redshift is a test of UFF/WEP but cannot compete with direct null tests. A new measurement of the gravitational redshift based on free-falling cold atoms and an absolute gravimeter is not competitive either. Finally, we compare UFF/WEP experiments using macroscopic masses as test bodies in one case and cold atoms in the other. We conclude that there is no difference in the nature of the test and that the merit of any such experiment rests on the accuracy it can achieve and on the physical differences between the elements it can test, macroscopic proof masses being superior in both respects.
I. INTRODUCTION
The universality of free fall (UFF)-that the acceleration imparted to a body by a gravitational field is independent of the nature of the body-was established by Galileo and Newton as an experimental fact, within the limits of the experiments of their time. If it holds, inertial and gravitational mass are equivalent; this is the weak equivalence principle (WEP). Newton made this "principle of equivalence" the basis of classical mechanics. More than two hundred years later, Einstein extended it to the invariance of physical laws in nonrotating laboratories freely falling in a uniform gravitational field, making it the foundation of his theory of general relativity (GR).
Because UFF is an experimental fact, it can be disproved by experiment. For Einstein, the clever torsion balance experiments carried out by E€ otv€ os in Hungary at the turn of the 20th century 1 were proof enough. And there the matter stood for about fifty years. Experiments testing general relativity and its foundation, the UFF, were few and required measuring tiny effects to excruciating precision. General relativity came to be regarded as a theory that was beautiful but uninteresting to experimental physicists. Things began to change in the late 1950s, at the dawn of the space age, when physicists realized that the means to test GR were becoming available in the laboratory and, even more promising, in space.
In 1958, a few months after the launch of the first artificial satellite by the Soviet Union, a committee appointed by U.S. President Eisenhower-whose advice led to the establishment of NASA the same year-wrote a famous pamphlet 2 in which physics was first in the list of scientific objectives soon to be addressed in space. They proposed a space experiment to measure the gravitational redshift, which they regarded as a crucial test of GR (Ref. 2 , p. 7): "Physicists are anxious to run one crucial and fairly simple gravity experiment as soon as possible. This experiment will test an important prediction made by Einstein's general theory of relativity, namely that a clock will run faster as the gravitational field around it is reduced."
In January 1960, Leonard Schiff 3 showed that, as long as a gravity field affects clocks and normal matter alike, the gravitational redshift can be derived from WEP and special relativity and as such it is not a crucial test of GR. Measurements of the gravitational redshift are therefore tests of the underlying WEP, but he argued that even with the best atomic clocks of the time they could not compete with the torsion balance tests reported by E€ otv€ os half a century earlier.
Recently, a proposal has been made for a new space mission devoted to measuring the gravitational redshift and testing WEP with cold atoms. 4 A much better ground measurement of the gravitational redshift has been reported, based on free falling cold atoms. 5 A strong scientific debate is ongoing and this has motivated the present work.
This paper is organized as follows. In Sec. II, we go back to UFF and the equivalence principle of Galileo, Newton, and E€ otv€ os to stress the advantages of null experiments. In Sec. III, we recall how UFF and Newton's equivalence principle (the "weak equivalence principle") led Einstein to the strong equivalence principle (or "Einstein equivalence principle") and to the formulation of general relativity, so that a violation of UFF/WEP would either require that GR be amended or call for a new force of nature. This has led to the quest for UFF/WEP null experiments that are as accurate and precise as possible.
In Sec. IV, following Schiff, 3 we derive the gravitational redshift from the WEP and special relativity and show thatas long as clocks are affected by a gravitating body like normal matter-its measurement is a test of UFF/WEP but it is by far less competitive than direct null tests. A suggested stronger deviation from WEP of clocks as compared to ordinary bodies 6 appears to be beyond the reach of current and planned experiments. The best, so-far controversial, measurement of the gravitational redshift, 5 based on free falling cold atoms in combination with a nearby absolute gravimeter, is a test of the WEP. As such it is in perfect agreement with the original experimental result, 7 but it is in no way competitive with UFF/WEP null tests. In this analysis we frequently step into the "Schiff conjecture" as formulated in 1973 by Thorne et al. 8 In consideration of the "vigorous argument" between Schiff and Thorne on this issue, we trace the conjecture back to Schiff's original statement in Ref. 3 and report it. We also report the results of the best experiment to date that has compared the effect of a gravitating body (the Sun) on the rate of clocks of different internal structure and in different locations as the solar potential changes over the year. 9 Finally, in Sec. V, we compare UFF/WEP tests using macroscopic proof masses versus cold atoms to show that, although the experiments are completely different, there is no difference in the nature of the tests and one should pursue the most promising ones, both in terms of sensitivity and in terms of differences in the physical properties of the atoms being tested.
II. UNIVERSALITY OF FREE FALL AND THE EQUIVALENCE PRINCIPLE FROM GALILEO TO NEWTON
In the Discorsi 10 (pp. 128-129; pp. 84-85 of the English edition) Galileo describes his tests of the universality of free fall (UFF) made with two pendulums of different composition. The book was published in Leiden in 1638 when Galileo was 74, almost blind, and under house arrest by order of the Pope, but he had made these experiments in the early 1600s. 11 The accuracy of the test was 12 about 10 À3 . In 1687, in the opening paragraph of the Principia, 13 Newton wrote: "This quantity that I mean hereafter under the name of…mass…is known by the weight…for it is proportional to the weight as I have found by experiments on pendulums, very accurately made…." If inertial and gravitational mass m i and m g are the same for all test bodies regardless of their mass and composition, the equations of motion under the gravitational attraction of a source mass M (e.g., the Earth, assumed for simplicity to be spherically symmetric) state that they all fall with the same acceleration:
If inertial and gravitational mass are equivalent, UFF holds; should experiments invalidate UFF, they would invalidate the equivalence of inertial and gravitational mass as well. This was the "equivalence principle" from 1687 until 1907. Note that Eq. (1) holds for any position vectorr, in the vicinity of the source body as well as very far away from it, e.g., it applies also to test bodies on Earth falling in the gravitational field of the Sun (as tested by Dicke It is worth stressing that UFF experiments can reach high accuracy because they can be performed as null experiments. The physical quantity of interest in UFF experiments is the relative acceleration Da ¼ a 1 À a 2 of the free falling proof masses, from which the dimensionless E€ otv€ os parameter
is obtained (here a ¼ ða 1 þ a 2 Þ=2 is the average free fall acceleration of the masses in the gravity field of the source body). The g parameter quantifies a deviation from UFF. If UFF holds, Da ¼ 0 and g ¼ 0; for a given value of a, the smaller the differential acceleration measured, the smaller the value of g, the more accurate the test. If the experiment is designed to measure the differential acceleration between the test masses, the experiment signal should be zero in the absence of UFF violation (after classical differential effects have been reduced to below the target). In such null experiments no precise theoretical prediction must be made which the measured signal should be compared to in order to obtain the physical quantity of interest.
Galileo's UFF test with pendulums was most probably the first example of an "almost" null experiment. He measured for how long the masses of the two pendulums-which he had released as equally as he could-would keep in step with each other. E€ otv€ os arranged the masses on a torsion balance and measured the deflection angle of the suspension fiber. In the absence of UFF violation there should be no differential effect, hence no deflection.
III. EINSTEIN'S "HAPPIEST THOUGHT" AND THE STRONG EQUIVALENCE PRINCIPLE
In 1907, referring to his work "On the electrodynamics of moving bodies" published two years earlier 20 in which he presented what is known as the special theory of relativity, Einstein wrote as follows (Ref. 21 , Ch. V, "Principle of relativity and gravitation," Sec. 17, "Accelerated reference system and gravitational field"):
Until now we have applied the principle of relativity-i.e., the assumption that the laws of nature are independent of the state of motion of the reference system-only to nonaccelerated reference systems. Is it conceivable that the principle of relativity holds also for systems that are accelerated relative to each other? …We consider two systems of motion R 1 and R 2 . Suppose R 1 is accelerated in the direction of its X axis, and c is the magnitude (constant in time) of this acceleration. R 2 is at rest, but situated in a homogeneous gravitational field, which imparts to all objects an acceleration Àc in the direction of the X axis.
As far as we know, the physical laws with respect to R 1 do not differ from those with respect to R 2 ; this derives from the fact that all bodies are accelerated alike in the gravitational field. We have therefore no reason to suppose in the present state of our experience that the systems R 1 and R 2 differ in any way, and will therefore assume in what follows the complete physical equivalence of the gravitational field and the corresponding acceleration of the reference system. When, in the year 1907, I was working on a summary essay concerning the special theory of relativity for the Jahrbuch fuer Radioaktivitaet und Elektronik, I had to try to modify Newton's theory of gravitation in such a way that it would fit into the theory. Attempts in this direction showed the possibility of carrying out this enterprise, but they did not satisfy me because they had to be supported by hypotheses without physical basis. At that point, there came to me the happiest thought of my life, in the following form:
Just as is the case with the electric field produced by electromagnetic induction, the gravitational field has similarly only a relative existence. For if one considers an observer in free fall, e.g., from the roof of a house, there exists for him during his fall no gravitational field-at least in his immediate vicinity.
Einstein recalled the same facts in a speech given at Kyoto University in 1922 entitled "How I created the theory of relativity": 23 While I was writing this [i.e., a summary essay on special relativity], I came to realize that all the natural laws except the law of gravity could be discussed within the framework of the special theory of relativity. I wanted to find out the reason for this, but I could not attain this goal easily.
…The breakthrough came suddenly one day. I was sitting on a chair in my patent office in Bern. Suddenly a thought struck me: If a man falls freely, he would not feel his weight. I was taken aback. This simple thought experiment made a big impression on me. This led me to the theory of gravity. I continued my thought: A falling man is accelerated. Then what he feels and judges is happening in the accelerated frame of reference. I decided to extend the theory of relativity to the reference frame with acceleration. I felt that in so doing I could solve the problem of gravity at the same time.
…It took me eight more years until I finally obtained the complete solution.
Thus, the well tested UFF leads to the statement that a frame at rest in a (uniform) gravitational field and a uniformly accelerated frame free from gravitational fields (with uniform linear acceleration equal and opposite to the acceleration produced in the gravitational frame) are equivalent for all physical processes. This is a crucial leap from Newton's equivalence principle, as stated in Sec. II (now referred to as the weak equivalence principle WEP), to the strong equivalence principle SEP (also referred to as the Einstein equivalence principle EEP 24 ) . It is apparent that should experiments invalidate UFF (and the WEP), they would invalidate the SEP as well.
In his influential Les Houches lectures, given in 1963 and published in 1964, 25 Robert Dicke stated the strong equivalence principle in such a precise, clear, and simple manner that it is worth using his definition (Ref. 25 
, p. 4):
The strong equivalence principle might be defined as the assumption that in a freely falling, nonrotating, laboratory the local laws of physics take on some standard form, including a standard numerical content, independent of the position of the laboratory in space and time. It is of course implicit in this statement that the effects of gradients in the gravitational field strength are negligibly small, i.e., tidal interaction effects are negligible.
A few sentences below, Dicke adds (Ref. 25 , p. 5): "It is well known that this interpretation of the equivalence principle, plus the assumption of general covariance is most of what is needed to generate Einstein's general relativity."
The route that led Einstein from SEP to the field equations of gravitation 26 and the general theory of relativity 27 required moving beyond Euclidean geometry. If all accelerated frames are equivalent, then Euclidean geometry cannot hold in all of them: gravity is locally replaced by a uniformly accelerated system, hence globally there cannot be just one such system. On the other hand, as Einstein put it: "Describing the physical laws without reference to geometry is similar to describing our thought without words. We need words in order to express ourselves." 23 Luckily, the required non-Euclidean geometry and related mathematics were available, after Gauss' original intuitions, thanks to the work of Riemann and other mathematicians.
In summary, GR is founded on SEP, which requires UFF to hold. Should experiments invalidate UFF, either GR must be amended because it is not a fully correct theory of gravity or else we are in the presence of a new, so far unknown, physical interaction. UFF experiments test a fundamental physical principle; moreover, they can reach extremely high accuracy because they can be performed as null experiments. This is why they are extremely powerful probes of fundamental physics, worth improving whenever possible.
In 1916 the best experimental tests of UFF/WEP were those by E€ otv€ os Schiff derived the gravitational redshift in a simple and straightforward manner, limiting the assumptions required to the very minimum. Concerning experiments to measure it, he concluded: "Terrestrial or satellite experiments that would go beyond supplying corroborative evidence for the equivalence principle and special relativity would be very difficult to perform, and would, for example, require a frequency standard with an accuracy somewhat better than 1 part in 10 18 ." We re-derive Schiff's result and show that nowadays measurements of the gravitational redshift have no chance of matching the current level of ground based tests of UFF/ WEP, and even less so the more accurate ones to be performed in space.
As long as WEP holds for clocks and normal matter alike, the configurations shown as (a) and (b) in Fig. 1 (taken from Ref.
3) are locally equivalent. "Locally" equivalent means that they are equivalent as long as the two clocks A and B are separated (along the lines of force) by a distance h much smaller than their distance from the center of mass of the gravitating body (e.g., the Earth). In this case tidal effects between them are negligible and the gravity field they are immersed in is uniform. The clocks, both at rest in the uniform field of the gravitating body, can then be replaced by the same clocks accelerated with equal and opposite acceleration in empty space, their equations of motion being the same in the two cases. WEP is all that is needed to make the two configurations equivalent to each other. Schiff chose to reason in configuration (b), as follows. An observer in an inertial reference frame has three identical clocks A, B, and C. When they are at rest they all tick with the same period T. Then, clocks A and B are accelerated with the same constant acceleration g, clock A being the leading one, while clock C remains at rest and is used for comparison.
As A and B are accelerated upward with the same acceleration g, clock A will pass by clock C having velocity v A > 0, and therefore it is seen by C as ticking with a slightly longer period T A with respect to it. Instead, clock B will pass by C-which is still ticking with period T-having a somewhat higher velocity v B > v A , and therefore ticking with an even longer period T B . This is because of the time dilation of special relativity, which implies
(with c the speed of light). Combining these two equations gives
By expanding Eq. (4) 
where we have used v
A þ 2gh because the clocks are moving with uniform acceleration g with respect to the stationary frame of clock C, which is at rest in a gravitation-free region.
The general case of a nonuniform gravitational field (i.e., when h is no longer negligible compared to the distance from the center of mass of the gravitating body) is not substantially different. As Schiff argues, now reasoning in configuration (a), gh can be replaced by the difference DU in the gravitational potential between the positions of clocks A and B. This requires one to perform not just one inter-comparison of clocks but a series of such inter-comparisons between a number of (identical) clocks arranged in such a way that the gravitational field is nearly uniform from one intercomparison to the next. WEP is valid at all distances from the source body, so there will always be a configuration of type (b) where Schiff's arguments hold. Therefore, in a nonuniform gravitational field and as long as second-order terms can be neglected, the periods will be related by
with
where M is the mass of the gravitating source body as depicted in Fig. 1(a) (assumed for simplicity to have spherical symmetry), and r A and r B are the radial distances of clocks A and B, respectively, from its center of mass. Equation (6) expresses the gravitational redshift D= ¼ ð A À B Þ= B > 0 ( in the denominator indicates the frequency of clock B) stating that the clock at lower altitude (e.g., on the surface of the Earth) is red-shifted if compared to an identical one at higher altitude (e.g., on board of a spacecraft); that is,
It is important to stress that this result has been obtained using neither the conservation of energy nor the mass-energy equivalence. 30 It refers only to identically constructed clocks located at different distances from the center of mass of a gravitating source body along the lines of force. All that is required is that the clocks obey the WEP like ordinary bodies [which makes configurations (a) and (b) of Fig. 1 equivalent to each other] and the special theory of relativity 20 [which provides the time dilation in Eq. (3)].
By Ockham's razor, this demonstration is preferable to others that require more assumptions.
In the experiment we discuss below, 9 the clocks are in free fall relative to the source body, while in GP-A (Gravity Probe A), 31 one clock is in free fall and the other is at rest on the surface of the Earth. As pointed out by Pegna, 32 these facts should not generate confusion as to how the gravitational redshift is derived: the clocks of Fig. 1(a) are at rest relative to the gravitating body, not in free-fall like in an "Einstein elevator." Inside a freely falling elevator, as long as the field is uniform (locally), they would be subject to zero total force, which is equivalent to being inside an elevator at rest in empty space (or moving with uniform velocity), in which case there would be no frequency shift. In Ref. 9 , clocks are in free fall together with the Earth relative to the Sun, and the frequency shift occurs due to the variation of the field with the eccentricity of the Earth's orbit. In GP-A, 31 for a clock in free fall near Earth (after separation of the last rocket stage), as the gravitational potential felt by it changes, its frequency relative to the clock at rest is shifted.
We now assume that special relativity is fully valid (as tested by high-energy particle physics) while UFF/WEP might be violated at some level for clocks and ordinary matter alike. The masses of the source body and the clocks are now allowed not to obey the weak equivalence principle of
where g e and g c may differ from zero, quantifying the deviation from equivalence for the source body and the clock, respectively. In the presence of a possible violation of the weak equivalence principle, each clock will be affected by the gravitating body according to the equation (see Ref
and, since UFF/WEP experiments have confirmed the equivalence of gravitational and inertial mass to very small values of g, we can write
with g ¼ g e þ g c . With a separation distance much smaller than the distance from the center-of-mass of the source body, the clocks are subject to a uniform acceleration of magnitude
If they are separated by a distance comparable to the distance from the source body, they now experience a gravitational potential difference,
Equation ( (12), the clocks are subject to an acceleration slightly different than in the case g ¼ 0 and the gravitational frequency shift involves, to firstorder in g, DU 0 ¼ DUð1 þ gÞ. We therefore have
where the order of magnitude of the contribution from gravitational redshift to second-order has been introduced since it may be needed in comparison with g. For the purpose of the comparison, we consider an ideal experiment in which the clocks are at rest relative to each other and the gravitating body is spherically symmetric and non-rotating; in this case all contributions of order 1=c 3 are zero. 34 As for terms of order 1=c 4 , a detailed derivation performed in the PPN (parametrized post-Newtonian) framework can be found in Ref. 35 -including the contribution due to the rotation of the gravitating body. However, only their order of magnitude is relevant here. Equation (14) shows that the measurement of the gravitational redshift is affected by a WEP violation even if it involves a single set of clocks, all with the same composition (same internal structure). If, in addition, the frequency shift is measured with another set of identical clocks A 0 , B 0 , C 0 that are different in composition from the set A, B, C, the shift measured will be different if g c 0 6 ¼ g c . Assuming that all other experimental conditions are equal, the difference in the frequency shifts measured with the two sets of clocks will depend only on the difference g c À g c 0 , while g e is eliminated and there is no dependence on the composition of the source body. Similarly, in the case of UFF tests that measure the differential acceleration of two proof masses of different composition freely falling in the gravitational field of a source body, only the materials constituting the proof masses are relevant (the experiments test g ¼ g 2 À g 1 , subscripts 1 and 2 referring to the two proof masses), while the composition of the source body does not affect the measurement. 33 In summary, as long as clocks are affected by a gravitational field like normal matter, if the possibility of WEP violation is taken into account, the general expression for gravitational redshift is given by Eq. (14) . This result shows that a measurement of the gravitational redshift does also test the weak equivalence principle and can therefore be compared with UFF experiments.
Limits on g are set by UFF experiments for the specific materials employed, which are selected with the purpose of maximizing the chance of violation. We regard g measured by UFF as an upper limit for Eq. (14), meaning that if
and provided that D= is measured to somewhat better than gDU=c 2 , it follows that the gravitational redshift experiment would test WEP better than UFF experiments. In a real space experiment, because of the motion of the clocks, additional terms would appear in Eq. (14) , larger than the one to order 1=c 4 . These terms are of order 1=c 2 [see Eq. (16)] as well as 34 1=c 3 , and they all need to be adequately modeled. Schiff's paper appeared in January 1960. At that time, the best UFF test had been performed by the E€ otv€ os group several decades earlier, 1 to g ' 10 À8 . The space age had just begun and the GP-A mission proposal, to launch an atomic clock to high altitude and compare it with an identical clock on ground, was already under discussion. In such a situation (DU=c 2 ' 4:3 Á 10 À10 ; this value would slightly increase to 6 Á 10 À10 with STE-QUEST 4 ), inequality (15) holds and Schiff estimated that a frequency standard with an accuracy somewhat better than one part in 10 18 was required for a measurement of the gravitational redshift to improve on the UFF tests by E€ otv€ os. Such a good frequency standard was far beyond reach at the time. Hence Schiff concluded that a space experiment to measure the gravitational redshift would have limited significance.
GP-A was launched by NASA 16 years later, in 1976. Two identical hydrogen maser clocks were used to measure the gravitational redshift, one on the ground and the other on board a spacecraft launched to 10,000 km altitude. The result 31 was reported in 1980: 
where the first term ðu s À u e Þ=c 2 , is the difference in gravitational potential between the clock on the spacecraft and the clock on the ground divided by c 2 (it is our DU=c 2 ). Two more terms had to be taken into account in order to predict the correct value of the expected first-order gravitational redshift. The second term contains the square of the relative velocity jṽ s Àṽ e j between the spacecraft and the Earth and it is the second-order Doppler effect (the firstorder Doppler effect was nicely canceled in the experiment). The third term is the residual first-order Doppler shift due to the accelerationã e of the ground station during the light traveling time between the spacecraft and the ground station, jr se =cj.
As shown in Eq. (16), the measured value of ðD=Þ GPÀA agrees with the theoretical prediction to the level 1:4 Â 10
À4
, which makes g as tested with UFF experiments (to 10 À12 at the time and to 10 À13 since 2008) totally inaccessible to GP-A. If the result had shown a discrepancy from the first-order prediction, the experiment itself should have been carefully scrutinized. In this experiment the second-order term of the redshift amounts to ' 1:8 Á 10
À19 and in the PPN framework it contains the b and c parameters 35 (b ¼ c ¼ 1 in general relativity). That is, to second order the WEP no longer accounts for the gravitational redshift and Schiff's derivation of it is inapplicable, as he noted in his concluding remarks (Ref. 3, p. 343). However, this term is too small to be detected even with a frequency standard of accuracy 10 À18 and it would not be detected by the STE-QUEST experiment 4 either. The GP-A measurement of the gravitational redshift shows clearly the difference with respect to a null experiment. The measured frequency shift had to be compared with the sum of the three terms on the right-hand side of Eq. (16), whose values depend on various physical quantities, some of which had to be measured during the experiment itself. It is only by comparing the theoretical prediction and the measured shift that the authors could establish the ratio ½1 þ ð2:5 6 70Þ Â 10 À6 . No wonder that it took them four years to publish the results of an experiment that lasted only about two hours! The advantage of a null UFF experiment is apparent and we are not surprised to find out that UFF experiments are superior.
Moreover, as clocks become more accurate, the theoretical modeling of all the contributing terms and the measurement to a comparable accuracy of all the physical parameters involved in them become more and more difficult. 34, 35 The accuracy of frequency standards has considerably improved since GP-A. However, since 2008 UFF has been tested to g ' 10 À13 in the field of the Earth, 18 hence the g term in Eq. (14) is much smaller than the second-order frequency shift. Even pushing such measurement to second order would-in the words of Schiff-only provide corroborative evidence for the weak equivalence principle. The current values of the b and c parameters, which are involved in the second-order term, would not be improved either.
In May 1960 Schild 36 analyzed Schiff's derivation of the gravitational redshift, finding that it is correct (though only to first order, as Schiff himself mentioned). He also showed that, unlike the gravitational redshift, light bending cannot be derived purely from the equivalence principle and special relativity as Schiff did in the same paper. In 1968 Rindler 37 too showed that Schiff's procedure is legitimate for clocks but spurious for rods.
Was Schiff correct in applying to clocks the WEP as tested for ordinary bodies?
In 1975, a year before the launch of GP-A, Nordtvedt 6 investigated the gravitational redshift using in addition the conservation of energy. He concluded that WEP violation might affect the clocks used to measure the gravitational redshift more strongly than it would affect the ordinary proof masses used to test UFF, thus invalidating Schiff's derivation of the gravitational redshift. The "amplification factor" would depend upon the specific energy being rearranged in the physical process taking place in the clocks to generate a frequency standard. He quantified the amplification factor as the ratio of the atom rest mass to the mass-energy involved in the frequency generation process. This amounts to saying that the closer the mass-energy involved in frequency generation is to the rest mass-energy of the atom, the closer the clock is to normal matter. For the hydrogen maser clock, assuming that all the mass-energy involved in frequency generation violates WEP, Nordtvedt estimated that it could "amplify" g measured by UFF experiments by about four orders of magnitude. With g ' 10 À12 at the time, even a violation four orders of magnitude larger was still too small to be measured by far. Nordtvedt regarded this kind of contribution to gravitational redshift as a test of energy conservation.
Back in 1960, on the next page after Schiff's paper, Dicke 38 argued against it on the grounds that the results of UFF tests cannot be extended to clocks. The dispute appears to have been affected by the ongoing discussion about NASA funding a space mission (GP-A) devoted to testing the gravitational redshift, and the two papers next to each other are very frequently quoted together in the literature. However, it is worth recalling that a few years later, in 1964, Dicke agreed with Schiff. He wrote (Ref. 25 , p. 5): "The red shift can be obtained from the null result of the E€ otv€ os experiment, mass energy equivalence, and the conservation of energy in a static gravitational field and static coordinate system." He derived the gravitational redshift from these assumptions, the mass-energy equivalence being confirmed by the Hughes 39 and Drever 40 experiments. A few pages later, while discussing the three famous tests of GR, on the gravitational redshift Dicke wrote (Ref. 25, p. 25) : "While this experiment may not be the most important of relativity experiments, it is interesting, and I should like to discuss briefly the experiment of one of my students, Brault, on the redshift of solar lines."
Schiff commented on Dicke's arguments of 1960 with a note added in proof to his paper (Ref. 3, p. 343), which reads:
The E€ otv€ os experiments show with considerable accuracy that the gravitational and inertial mass of normal matter are equal. This means that the ground state Hamiltonian for this matter appears equally in the inertial mass and in the interaction of this mass with a gravitational field. It would be quite remarkable if this could occur without the entire Hamiltonian being involved in the same way, in which case a clock composed of atoms, whose motions are determined by this Hamiltonian would have its rate affected in the expected manner by a gravitational field. Nevertheless, as stated in the foregoing, I believe that a direct demonstration that the equivalence principle is valid for clocks would be useful. On the other hand, it is evident that experiments of this type could not verify any feature of general relativity theory other than the first-order change in the time scale.
As we understand it, Schiff is arguing that the rates of clocks must be affected by a gravitational field as expected for normal matter, i.e., all in the same way regardless of their internal structure.
Many years later, Schiff's statement has been reformulated by Thorne et al. 8 as follows, and ever since named the Schiff conjecture: "Any complete and self-consistent gravitation theory that obeys WEP must also, unavoidably, obey EEP." (Einstein equivalence principle 24 is another way of referring to the strong equivalence principle. 25 ) Though the Schiff conjecture is very frequently quoted in the literature, we prefer to refer to Schiff's original statement (and to his paper) also in consideration of the fact that a "vigorous argument" took place on this issue between Schiff and Thorne at the 1970 Caltech-JPL conference on experimental tests of gravitational theories, after which Schiff had no chance to go back to the subject in writing because he died just two months later (Ref. 8, p. 3577 ).
An experiment testing the effect of a gravitational field on the rates of different clocks has been performed by Ashby et al. 9 The rate of any clock on the ground is affected by the gravity field of the Sun. Because the solar potential varies over the year due to the eccentricity of the Earth's orbit, the rate of the clock undergoes an annual variation due to the gravitational redshift from the Sun. Should two nearby clocks of different internal structure be affected differently by the gravity field of the Sun, a difference will appear in their annual frequency shifts. Clocks farther apart on the surface of the Earth can also be compared. Over a timespan of seven years, Ashby et al. 9 compared the frequencies of four hydrogen masers at NIST (USA) with one cesium fountain clock in the same lab, and also with three more cesium fountain clocks in Europe (in Germany, France, and Italy). The result is that the annual variation of the gravitational potential of the Sun produces on all pairs of clocks the same frequency shift to 1:4 Â 10 À6 , despite their different structure and also different location on the surface of the Earth. A similar experiment in space 4 must take into account additional terms (to order 1=c 2 and 1=c 3 ) due to the motion of the clocks. Should a discrepancy be found, its interpretation would be very difficult.
In 2010 a measurement of the gravitational redshift four orders of magnitude better than GP-A was reported. 5 It was obtained by re-interpreting the data of a 1999 experiment 7 that measured the absolute value of the local gravitational acceleration g using cold cesium atoms and atom interferometry. In addition, the experiment performed a test of UFF by comparing this value with the value of g as measured by an absolute gravimeter located nearby in the lab in which a laser interferometer monitors the motion of a freely falling cornercube retroreflector (after correcting for known systematics like tides, polar motion, and others).
The frequency affected by gravitational redshift in this case would be the Compton frequency x C ¼ m h=c 2 , with m the rest mass of the free falling cold atom (cesium) and h the reduced Planck constant. The gravitational redshift is recovered from the atom interferometry signal-which contains the local gravitational acceleration g-once g has been measured with the absolute gravimeter. The method has been questioned, and a strong dispute is ongoing. [41] [42] [43] [44] [45] [46] Here, we wish to stress the following facts. In this measurement the expected first-order frequency shift is extremely small (because h ' 10 À3 m or less); nevertheless, the accuracy is remarkable (7 Â 10 À9 ), better than the goal of the STE-QUEST proposal in space. 4 As stated by the authors 44 and agreed upon by their opponents, 45 in this case the mass-energy involved is the full mass-energy of the freely falling atom, just as in the previous WEP test, 7 which is indeed the same (and only) experiment performed. Therefore Nordtvedt's 6 amplification factor would be essentially unity. Both the corner-cube reflector and the cesium atoms must obey UFF (see also Sec. V), and therefore a deviation from the predicted gravitational redshift would show a deviation from UFF/WEP according to Eq. (14) , the materials involved being cesium and glass.
The measured frequency shift is found to differ from the predicted gravitational redshift by 5 b ¼ ð7 6 7Þ Â 10 À9 (note that the authors use the b symbol with no reference to the homonymous parameter in the PPN framework).
Eleven years earlier, 7 with the same experimental apparatus and the same data, the authors stated: "We show that the macroscopic glass object used in this instrument [i.e., the absolute gravimeter] falls with the same acceleration, to within seven parts in 10 9 , as a quantum-mechanical caesium atom." After describing the absolute gravimeter and how its run was used to compare with g as measured by the atom inteferometer, they concluded: "A comparison with the value of g we obtained in a two-day run shows a difference of ð7 6 7Þ p.p.b."
As we can see, the 2010 and 1999 results agree perfectly with each other, but it is apparent that the accuracy of UFF null tests is totally inaccessible to this experiment (7 Â 10 À9 vs. g ' 10 À13 already achieved 18 and g ' 10 À17 possible in space 47 ).
V. TESTS OF THE UNIVERSALITY OF FREE FALL AND MASS-ENERGY CONTENT OF THE TEST BODIES
The total mass-energy of a body can be expressed as the sum of many terms, corresponding to the energy of all the conceivable interactions and components: m ¼ R k m k . The dimensionless E€ otv€ os parameter g ¼ 2½ðm g =m i Þ a Àðm g =m i Þ b =½ðm g =m i Þ a þ ðm g =m i Þ b , which quantifies the violation of equivalence for two bodies of composition a and b, inertial mass m i , and gravitational mass m g , is then generalized to
such that a nonzero value of g k would define the violation of equivalence between the inertial and gravitational massenergy of the kth type. The rest mass would contribute to almost all the mass-energy content of the body and therefore to almost all the measured Da and g Da=a. Dicke's group used aluminum and gold. 14 …gold and aluminum differ from each other rather greatly in several important ways. First, the neutron to proton ratio is quite different in the two elements, varying from 1.08 in aluminum to 1.5 in gold. Second, the electrons in aluminum move with non-relativistic velocities, but in gold the k-shell electrons have a 15 per cent increase in their mass as a result of their relativistic velocities. Third, the electromagnetic negative contribution to the binding energy of the nucleus varies as Z 2 and represents 1/2 per cent of the total mass of a gold atom, whereas it is negligible in aluminum. In similar fashion, the virtual pair field around the gold nucleus would be expected to represent a far bigger contribution to the total energy than in the case of aluminum. Also, the virtual pion field, and other virtual fields, would be expected to be different in the two atoms. We would conclude that in most physical aspects gold and aluminum differ substantially from each other and that the equality of their accelerations represents a very important condition to be satisfied by any theory of gravitation.
Dicke is listing all known different physical properties of an atom of gold as compared to an atom of aluminum. It does not matter at all, in principle, how many of them are used in the experimental test.
Experiments with macroscopic test bodies naturally have at their disposal a very large number of atoms, typically many times Avogadro's number, while in cold atom experiments 10 9 atoms would already be a very large number. The difference is enormous, but if the two experiments test the same atoms, they should confirm or violate UFF/WEP just the same because there is no difference in the mass-energy content of the atoms being tested. The way each experimentalist "manufactures" his/her own "test masses," the way he/ she deals with them (by arranging them, manipulating them, etc.), as well as the way their motion is read in order to extract the required signal (i.e., their differential acceleration, which must be zero for UFF to hold), will obviously be completely different in the two cases. Although extremely important for the outcome of the test and the sensitivity it can achieve, these are technicalities.
As pointed out by Pegna, 48 unless evidence is provided that the preparation and manipulation of cold atoms in atom interferometers alters the mass-energy content of the atoms by an amount accessible to the sensitivity of the test, there is no reason to expect a result different from a test with macroscopic bodies of the same composition.
The fact that macroscopic masses and cold atoms fall with the same acceleration in a gravitational field has been proved to 7 Â 10 À9 (Ref. 7) . The experiment compared the absolute value of the free fall gravitational acceleration of cesium cold atoms measured by atom interferometry with the absolute value of the free fall gravitational acceleration of a nearby macroscopic corner-cube reflector measured with laser interferometry. It is apparent that this is not a null experiment, which is definitely a disadvantage.
Since macroscopic test masses have been shown 18 to obey UFF to 10 À13 (and this is certainly an upper limit), it follows that the experiment of Ref. 7 proves that cesium cold atoms and any macroscopic test mass fall with equal gravitational acceleration to 7 Â 10 À9 . Thus, in particular, cesium cold atoms and a macroscopic body made of cesium would fall with equal gravitational acceleration to this level.
Through a purely theoretical analysis, Storey and Cohen-Tannoudji demonstrated that in a uniform gravitational field the quantum propagator of any object is determined by the action along the classical path. 50 Based on this result, Unnikrishnan argued that the same is true for accelerated objects in free space. 51 Therefore, the outcome of any test of WEP performed in a classical setup will hold in a quantum context.
It is in general very interesting to perform the same test using completely different experiment concepts and experimental apparatus, because systematic errors will be completely different and possibly better understood. The challenge is for a breakthrough by several orders of magnitude, which would explore a so-far unknown physical domain where chances for a major discovery are higher. The figure of merit for the competing experiments is the accuracy to which they can test UFF between materials as different as possible in their fundamental physical properties. At the present state of the art, such a breakthrough is more likely to occur with macroscopic test masses than with cold atoms.
VI. CONCLUSIONS
In this paper, we have discussed experiments that test the universality of free all and the weak equivalence principle in comparison with experiments that measure the gravitational redshift. Quoting from Einstein's original writings, we have shown how UFF and the weak equivalence principle led him to the strong equivalence principle (or Einstein equivalence principle) and to the formulation of general relativity, so that a violation of UFF would either require that general relativity be amended, or call for a new force of nature. Hence, the need of testing UFF as accurately as possible.
Following Schiff, we have concluded that a measurement of the gravitational redshift is a test of the weak equivalence principle but one that-being an absolute measurement-cannot compete with the direct null tests of the universality of free fall. Nordtvedt's analysis, whereby clocks might violate the weak equivalence principle to a level much stronger than normal matter, implies that a competitive accuracy would still be inaccessible to current and planned redshift experiments.
A recent measurement of the gravitational redshift, performed with data from a previous experiment that used free falling cesium cold atoms in combination with an absolute gravimeter, is a test of the underlying weak equivalence principle. The result is the same as in the original experiment and it is not competitive with WEP null tests.
Finally, we have compared tests of the weak equivalence principle using macroscopic proof masses with those using cold atoms to show that, although the experiments are completely different, there is no difference in the nature of the tests and one should pursue the most promising ones, both in terms of sensitivity and in terms of differences in the physical properties between the atoms being tested. Results obtained with macroscopic bodies are superior in both respects, with prospects for a breakthrough when the experiments will be performed in space.
